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ABSTRACT 



Aims. In this Letter we present results from INTEGRAL and RXTE observations of the spectral and timing behavior of the High Mass 
X-ray Binary A 0535+26 during its August/September 2005 normal (type I) outburst with an average flux -F(5_i(x)) kev ~400mCrab. 
The search for cyclotron resonance scattering features (fundamental and harmonic) is one major focus of the paper 
Methods. Our analysis is based on data from INTEGRAL and RXTE Target of Opportunity Observations performed during the 
outburst. The pulse period is determined. X-ray pulse profiles in different energy ranges are analyzed. The broad band INTEGRAL 
and RXTE pulse phase averaged X-ray spectra are studied. The evolution of the fundamental cyclotron line at different luminosities 
is analyzed. 

Results. The pulse period P is measured to be 103.39315(5) s at MJD 53614.5137. Two absorption features are detected in the phase 
averaged spectra at Ei ~45 keV and E2 ~ 100 keV. These can be interpreted as the fundamental cyclotron resonance scattering feature 
and its first harmonic and therefore the magnetic field can be estimated to be B ~4x 10'- G. 

Key words. X-rays: binaries - stars:magnetic fields - stars:individual: A 0535+26 



1. Introduction 



Discovered in 1975 by [Rosenberg et al.l (Il975h . the Be/X- 
ray binary pulsar A 0535+26 Q consists of an X-ray pulsar 
with a pu lse period of P~103s in an ec centric orbit ( e~0.47, 
iFinger et al. 1994a) of Poib~l 1 1 days (Mot ch et al.l 19911) aroun d 
the 09.7IIIe optical companion HDE 245770 ("Li et al."l979'). 
The e stimated distance o f the system is tj~2kpc tSteele et al.i 
119981) : for a review see iGiovannem & Graziatil ( |1992|) . The 
source was discovered during a giant outburst (type II), at a lu- 
minosity level of -L(3-7) keV~l-2 x lO^'^erg s"'. Since t hen, five g i- 
ant o utbursts have be en detected: in Octob er 1980 ( Nagase et aLl 
[l982i). in June 1983 (ISembav et al.ll 19901) . in March/April 198 9 
dMakino et all 1 19891) . i n February 1994 (lFingeret al.l ll994bh. 
and in May /June 2005 ('Tu eller et ani2005 l). Unfortunately, dur- 
ing the last giant outburst the source was too close to the 
sun to be obs erved by most inst ruments. It was only observed 
by RHESSI jSmith et all l2005b . However, following the gi- 
ant outburst, the source exhibited a normal type I outburst in 
August/September 2005, which led to our INTEGRAL and 
RXTE Target of Opportunity Observations. During the peak 



of the type I outburst, the source showed an average flux 
■F(3-50) keV~l-9 X lO^'^ergcm"^ s"' which, assuming 
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assummg d~2kpc, 
gives L(3_50) kev~0.9 x 10^' ergs"'. Another normal outburst 
took place in December 2005 (Finger 2005). In quiescence, 
the puls ar behavior appear s to be consistent with a spin-down 
trend (F inger et al.l I1994H) . During giant outbursts a spin-up 
has been observed. During the June 1983 gia nt outburst, a 
spin-up of v~ 0.6 x 10"" Hzs"' was measured ("Sembay et alj 
I99O). During the February 1994 giant outburst, a spin-up of 
v~ 1.2 X 10""Hzs"' was measured and quasi-periodic oscil- 
latio ns were detected, co nfirming the presence of an accretion 
disk dFinger et alj|1994bl) . The X-ray spectrum of the source has 
been modeled by an absorbed power law with a high energy 
cutoff. In the March/ April 1989 giant outburst, two cyclotron 
resonance sc attering features were d etected at £1^45 keV and 
£'2~100keV ("Ken dziorra et al.lll994 . In the February 1994 out- 
burst, the presence of the fu ndamental line at £'i~45keV was 
not clear (IGrove et al ] 11995!) . The presence of the fundamen- 
tal line has been confirmed d uring the August/Septern ber 2005 
outburst wifli INTEGR AL dKretschmar et al.l l2005h, RXTE 
(IWilson&Fingedl2005h and Suzaku dlnoue et al.ll2005h obser- 
vations. 

In this paper we report on the analysis of INTEGRAL 
and RXTE observations of A 0535+26 performed during the 
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Fig. 1. RXTE ASM light curve of A 0535+26 during the nor- 
mal outburst in August/September 2005. The start and stop times 
of our INTEGRAL observation are indicated, as well as each of 
the individual RXTE observations and the periastron passage. 



August/September 2005 outburst. In Sect. |2] we describe the ob- 
servations and data analysis. In Sect. |3] we present the pulse pe- 
riod determination of the source and pulse profiles in different 
energy ranges from ~2 keV to 200 keV. In Sect. |4]we center on 
the analysis of the phase averaged spectra, on the measurement 
of cyclotron resonance scattering features and on the evolution 
of the fundamental line in different luminosity states. In Sect. |5] 
we present a summary and conclusions. 



2. Observations and data analysis 

2.1. Instruments: INTEGRAL and RXTE 



INTEGRAL dWinkler et all l2003h carries two main gamma 
ray instruments, t he spectrometer SPI (20keV-8MeV, 
Vedrenne etalll2003h and the imager IBIS (15 keV-10 MeV, 
Ubertini et al.ll2003l) . as well as two monitoring ins truments in 
the X -ray and o ptical ranges, JEM-X (3-35 keV, iLund et akl 



12003 ) and O MC (iMas 
RXTE ( Bradt et al 



esse et alJl2003h. 



T993h carries three instruments: The 



Proportional Counter Array PCA (2-60keV. |jahoda et al.lll996l) . 
the High Energy X-ray Timing Experiment HEXTE (20- 
200 keV, Rot hschild et al. 1998) and the All-Sky Monitor ASM 
(2-lOkeV. lLevine et al.Hl996h . 

INTEGRAL data were reduced using OS A v5.1. IBIS 
(ISGRI) spectral analysis was performed using alte rnative cal- 
ibrati on files developed at IFC-INAF Palermo (see Mineo et al 
|2006) and a response matrix calibrated with simultaneous Crab 
observations, which was in the same field of view as A 0535+26. 
For the spectral analysis we applied a systematic error of 3% 
to JEM-X. This has been evaluated on the basis of the Crab 
spectrum extracted for the same observation as A 0535+26, and 
agrees with the value suggested by Paizis et al. (2005) . The anal- 
ysis of RXTE data was performed using FTOOLS 6.0.2. 

2.2. Observations 

Fig. [Ushows the RXTE ASM hght curve of A 0535+26 during 
the August/September 2005 outburst. INTEGRAL observations 
were made close to the peak with an exposure time of 198. 4ks. 
The RXTE monitoring was performed between the 26th of 
August and the 24th of September 2005. In this paper we focus 



Table 1. Summary of INTEGRAL and RXTE observations used 
in our analysis. RXTE data are from 37 short observations. The 
start time of the first observation and the stop time of the last 
observation are given, as well as the total observation time. 



Observation 


start time-stop time (MJD) 


duration (ks) 


INTEGRAL 






31 Aug.~2 Sept.2005 


53613.46-53615.89 


198.4 


RXTE 






31 Aug.-24 Sept.2005 


53613.49-53637.84 


125.5 



on observations performed during the peak of the outburst and 
its decline, for a total exposure time of 125.5 ks for RXTE. 
Table [T] shows a summary of the observations used in the 
analysis. 



3. Timing analysis 

3.1. Pulse Period search 

Using epoch folding, we calculated the pulse period of 
A 0535+26 after barycentering the arrival times and correct- 
ing fo r the orbital effect. The new ephemeris of iFinger et al.l 
(120061) was used for the binary correction. To determine P 
and P with high accuracy, we divided the INTEGRAL IBIS 
observation into 27 intervals of ~6ks each and folded the 
light curve of each of those intervals over the period ob- 
tained from epoch folding. We then perfo r med a phase con- 
nection analysis similar to iFerrigno et alj ( l2006h . We found 
a period of P=(103.39315+0.00005)s for MJD 53614.5137 
and a formal (non-significant) value for a spin-up of 
/'=(-3.7+2.0)x 10-'* ss-i. 

3.2. Pulse Profiles 

Using the determined period, we folded PCA and IBIS (ISGRT) 
light curves extracted in different energy ranges. The resulting 
pulse profiles, which cover the energy range 1. 75-200 keV, are 
presented in Fig. |2] Two pulse cycles are shown for clarity. 
Similar to other accreting pulsars, the source shows a complex 
profile in the low energy range (~2-20keV). A simpler double 
peak profile is observed from ~15keV to ~60keV. At higher 
energies the second peak is significantly reduced. The source 
is observed to pulsate up to ~120keV, while above 120keV 
no modulation is detected. A detailed analysis of the energy 
dependent morphology of the pulse profiles is beyond the scope 
of this paper and will be presented in a forthcoming paper 

4. Spectral analysis 

1 4.1. INTEGRAL 

We extracted INTEGRAL phase averaged spectra for JEM-X, 
IBIS (ISGRI) and SPI. To model the continuum we used a power 
law with exponential cutoff {XSPEC cutof fpl). We also added 
to the model an Fe Ka fluorescence line at 6.4 keV and a black- 
body component of k^T-^LlkeV. When fitting this continuum to 
our data, two significant absorption-like features are seen in the 
residuals at £'i~45keV and £'2~100keV (see Fig.O. We mod- 
el ed these lines using G aussian lines in absorption as described 
in ICoburn et al.l (l2002h . After the inclusion of the first line at 
£~45keV, improves from 27.88 (for 218 dof)to;if2^j =1.88 
(for 215 dof). The improvement in the fit when including a sec- 
ond line is less dramatic. However, including the second line it 
further reduces the to 1.37 (for212dof). The best fit parame- 
ters are reported in Table 2. 
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Fig. 2. PCA (top) and IBIS (ISGRI) (bottom) pulse profiles of 
A 0535+26. 



10 100 
energy (keV) 

Fig. 4. RXTE residuals from observation performed on 1 
September 2005. The upper panel shows the residuals of a fit 
without absorption lines ix^^^ =14.24 for 204 dof). The middle 
panel shows the residuals of a fit including one cyclotron line at 
~45 keV (x^^^ -1.37 for 201 dof). The bottom pannel shows the 
residuals for a fit including two cyclotron lines at ~45 keV and 
-100 keV (xl^ =1.03 for 198 dof). 
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Fig. 5. Evolution of the energy of the fundamental line in 
different luminosity states in the 3-50 keV range for our 
INTEGR AL and RXTE val ues. We included data points from 
Suzaku (Teradaetal. 2006) from the declining phase of the 
August/September 200 5 outburst and values from TTM/HEXE 
(lKendziorraetalJll994 from the March/April 1989 giant out- 
burst. 
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Fig. 3. INTEGRAL residuals, corresponding to JEM-X (6- 
20keV), IBIS (20-120 keV) and SPI (30-120 keV, triangles). 
Top panel shows the residuals of a spectral fit without includ- 
ing cyclotron lines (x^^^ =27.88/2 18dof). Middle panel shows 
the residuals of a fit including one cyclotron line at ~45keV 
(X^gii =1.88/215dof). Bottom panel shows the residuals for a 
fit including two cyclotron lines at ~45keV and ~100keV 
(Xl, =1.37/212dof). 



4.2. RXTE 

RXTE phase averaged spectra for PCA and HEXTE data cor- 
responding to different luminosity states of the source during 
the outburst were extracted (Table 2). We modeled the contin- 
uum using the same model as for INTEGRAL data, i.e., a power 
law with an exponential cutoff, as well as a blackbody compo- 
nent (^B7^~l-2keV) and an Fe Ka fluorescence line at 6.4 keV. 
For the observations with higher flux and good statistics, two 
Gaussian absorption lines at £'i~45keV and £'2~100keV were 
necessary in the model. In some of the observations only one line 
at £'i~45keV was included in the model. For the observations 
during the decay of the outburst (low luminosity), no absorption 
lines were added to the model. 

In Fig. ID we show the residuals from fitting RXTE data from 
a ~ 12ks observation close to the peak of the outburst, per- 
formed on 1 September 2005, where the two cyclotron lines were 
measured (see figure's caption for details). 

Table|2]shows the best fit parameters for a selected sample of 
RXTE data. The sample corresponds to observations around the 
peak, where two lines are detected, and at the end of the outburst. 
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Table 2. Best fit parameters from simultaneous observations of INTEGRAL and RXTE. INTEGRAL data corresponds to obser- 
vations between 31 August and 2 September, close to the peak. The RXTE data corresponds to observations performed on 31 
August, 1 and 2 September 2005, and one observation performed in the declining phase of the outburst on 10 September 2005. The 
model used for the continuum is the same for all luminosity states. Uncertainties are 90% confidence for one parameter of interest 
(corresponding to ■ + 2.7). 





a 


£foid(keV) 


£i(keV) 


o-i(keV) 


Tl 


£2(keV) 


fTjCeV) 


Tl 




INTEGRAL 
RXTE 31 Aug. 
RXTE 1 Sept. 
RXTE 2 Sept. 
RXTE 10 Sept. 


59+" ''' 
51+0.05 

Q 51+0.02 

51+0.11 

"■-^ -0.07 


18.6-« 

17 3+" "'' 

^ '•-'-0.2 

17 2+"' 

^ '• -0.3 

14 0+' '* 


45 9+" 3 

^-'•'^-0.3 

46 7+" '' 
45 9+" '' 

^-'•'^-0.3 

45 5+" '' 

^-'•-'-0.4 


10.8!«;^ 
10 3+"^ 

^"•■'-04 

10 


415+0.015 

"•^'^-'-0.015 

56+" 

"•-' -0.05 

50+0 02 

"•-' -0.02 

47+0.02 

"•^'-0.02 


102!* 
103+5 
103+3 
105:5 


11+^ 

8!^ 

Q+4 

^-3 


^•^-0.3 

9+" 

1.1 J, 3 

7+"-2 

"• '-0.2 


1.37/212 
1.12/360 
1.02/360 
1.11/360 
0.94/372 



5. Summary and Discussion 

Based on RXTE and INTEGRAL observations of A 0535+26 
during its August/September 2005 type I outburst, we detected 
two absorption-like features in the phase averaged spectrum of 
the source. These features can be interpreted as electron cy- 
clotron resonance scattering features (CRSF): a fundamental line 
at E\ ~45 keV and its first harmoni c at £'2~100key . Our fi ndings 
confirm previous results from Kendziorra et alj (1 19941) based 
on TTM & HEXE observations taken during the March/ April 
1989 giant outburst and firmly establish the fundamental line 
at £'i~45keV, implying a magnetic field of ~4xlO'^G, from 
Ecyc - 11.6Bi2keV. During the February 1994 giant outburst, 
observations from OSSE on CGRO clearly show an absorption 
feature at ~110keV, b ut the presence of t he fundamental line at 
~55 keV was not clear (iGrove et al.ll995h . It was concluded that 
if the 55 keV line was present, its optical depth should have been 
smaller than that of the line at llOkeV, with a ratio < 1:3.5 (at 
95% confidence). Analysis of the August/September 2005 out- 
burst shows a different relative strength of the lines, with the 
fundamental line deeper than in the previous giant outburst. The 
ratio of the depth between the fundamental and the first harmonic 
is ~ 1 :2 for INTEGRAL and RXTE data. One possible explana- 
tion for these differences could be a different optical depth dis- 
tribution of the electrons in the accretion column, hinting at a 
different geometry of the accretion column. Further analysis is 
ongoing to study the variability of the line parameters as a func- 
tion of pulse phase. 

We added to our model a single blackbody component with 
ksTbh ~ 1.2 keV. Phase dependent blackbody components with 
Tbb ~ 10''"^ K have been observed in the spectra of several ac- 
creting pulsars and are generally interpreted as due to the re- 
processing of the hard component by a n opa que shell located 
at the magnetosphere (Oosterbroek e t al.lll997l) . However, it was 
recently shown by iBecker & WolffI (i2005f) that blackbody-Uke 
components could emerge in the spectra of accreting X-ray pul- 
sars at low energies. Phase resolved analysis will possibly dis- 
tinguish between the two options. 



Analysis of accreting pulsars with Gin2a (IMiharaetal 



20041) and more recently with INTEGRAL (iMowlavi et al 



20061) has shown that the CRSF energy centroid increases with 
the decrease of luminosity. This has been interpreted as due 
to a variation in the height of the CRSF forming region. On 
the other hand, a positive correlation between the energy of 
the fundamen tal line and the luminosity has been observed 
in GX 301-2 (iLa Barbera et aP 12005.) and recently discovered 
by IStaubert et al.l (l2006h in Her X-1, where it was quantita- 
tively explained with the decreasing of the height of the line 
forming region with luminosity when the source is in the sub- 
Eddington accretion regime. The centroid energy of the funda- 
mental CRSF versus luminosity is shown in Fig. |5](d~2kpc; 



^ Steele et anil998l) . In Fig.|5]we include values from Suzaku ob- 
servations of the declining phase of the outburst ( Terad a et al.l 
2006), as well as values fro m a TTM & HEXE obs ervation of the 
April 1989 giant outburst dKendziorra et alJ[T994l) . Considering 
all data from RXTE, INTEGRAL, Suzaku and TTM & HEXE, 
no correlation is detected, suggesting that the line forming re- 
gion does not vary with the luminosity of the system; further 
investigation is needed. 
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